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Molecular insights into the lichen genus Alectoria (Parmeliaceae) in North America

Introduction
In North America, the fruticose lichen genus Alectoria Ach. (Parmeliaceae) is common throughout the Arctic, as well as on both northern coasts, with a distribution extending southwards in montane habitats of the Appalachian and western mountains (Hawksworth 1972; Brodo and Hawksworth 1977) . Disjunct populations of some species also occur in montane habitats of Mexico, and at least one species, A. mexicana Brodo & D. Hawksw., is endemic to that region (Brodo and Hawksworth 1977) . The last taxonomic treatment of the genus in North
America was by Brodo and Hawksworth (1977) , who included eight species and two subspecies.
Recently, one species, A. nigricans (Ach.) Nyl., the only member of Alectoria that did not produce usnic acid, has been placed in a distinct genus, Gowardia Halonen et al., based on a molecular phylogenetic analysis (Halonen et al. 2009 ). With the exception of A. nigricans, the rest of the species have remained as circumscribed and classified by Brodo and Hawksworth (1977) . Brodo and Hawksworth (1977) discussed several cases in which the Alectoria taxa they recognized appeared to be linked by intermediates, nonetheless variously treating these taxa as independent species or subspecies. Specifically, they considered three species (A. imshaugii, A. sarmentosa, and A. vancouverensis) to display "morphological and chemical intermediaries between all possible combinations" (p. 71). Similarly, they recognized an ecologically and morphologically distinct entity restricted to Arctic and alpine regions as A. sarmentosa ssp.
vexillifera based on its chemical similarity to A. sarmentosa ssp. sarmentosa. An additional species, A. fallacina was "tentatively recognized at the species level" by Brodo and Hawksworth (1977, p. 57) following Motyka (1960) . However, Brodo and Hawksworth (1977) considered that A. fallacina may actually be a subspecies of A. sarmentosa because of chemical and morphological intermediates. A final variant of A. sarmentosa discussed by Brodo and Hawksworth (1977) was a rare sorediate form, which was neither classified as a species nor a subspecies, although it was previously recognized as a variety by Hawksworth (1972) .
Since Brodo and Hawksworth's (1977) monograph, Alectoria has not been the direct subject of a major taxonomic revision and thus the taxonomic uncertainties outlined above remain unresolved. Despite the substantial resources that have been devoted to using molecular data to resolve outstanding questions of generic circumscription and species delimitation in the D r a f t
Parmeliaceae (Crespo et al. 2010a,b; Buaruang et al. 2015; de Paz et al. 2010a,b; Del-Prado et al. 2010 Divakar et al. 2010 Divakar et al. , 2013 Elix et al. 2010; Lendemer and Hodkinson 2010; Leavitt et al. 2014; Lendemer and Ruiz 2015; Mark et al. 2012; Nelson et al. 2012; Nelsen et al. 2013; Saag et al. 2014) , and more specifically the related fruticose genus Bryoria Velmala et al. 2014 ), Alectoria has not been the direct subject of such a study. Nonetheless, recent molecular studies of Bryoria and Parmeliaceae have included samples of Alectoria and recovered results that strongly suggested further study was needed Halonen et al. 2009 ).
The aim of this study was to examine the current taxonomy of North American Alectoria using molecular phylogenetics. Our objectives were specifically to infer the evolutionary relationships of the taxa within Alectoria and then evaluate these inferences in light of characters traditionally used to delineate taxa in this genus. The results of this study, which drew on extensive field studies and herbarium work carried out by two of the authors (RTM and JCL), are presented here.
Methods
Chemical and morphological study
A stereoscopic microscope was used to examine thallus morphology and observe chemical reactions with standard spot-test reagents following Brodo et al. (2001) . Thallus chemistry was also examined with thin layer chromatography (TLC) using solvents A and C following Culberson and Kristinsson (1970) , with the modification of aluminum-backed silica gel plates in smaller jars (Lendemer 2011) . Images were captured with a Canon Elph130IS digital camera. Specimens used to generate new DNA sequence data are housed at the Biodiversity Institute of Ontario Herbarium (OAC) at the University of Guelph and at the New York Botanical Garden (NY). Specimens examined that were not included in the molecular analyses are listed in the Appendix.
Molecular data generation, dataset assembly, and taxon sampling
Forty-four new sequences were generated from 22 specimens for our study (Table 1) . PCR products were visualised on 1% agarose gel (1X TBE buffer) stained with GelRed (Biotium). Samples with a clean single band were sequenced from the remaining PCR product.
Sequencing reactions used the same primers used for PCR amplification and were carried out in 14 µl reaction volumes with 1 µl BigDye v3.1, 1 µl 5X SeqBuffer, 1 µl primer (10 µm), 10 µl ddH 2 O, and 1-1.5 µl PCR product. Sequencing conditions were as follows: hot start of 96°C for 2 min; 30 cycles of 96°C for 30s, 55°C for 15s, and 60°C for 4 min; hold at 4°C indefinitely.
PCR products were cleaned using Sephadex plates and bidirectionally sequenced using an ABI 3730 DNA Analyzer (Applied Biosystems). Bi-directional sequence contigs were assembled and edited using Sequencher v. 4.9 (Gene Codes). Sequences were uploaded to the BOLD project 'Alectoria Adventure' (ALECT) and GenBank (Table 1) .
To examine the relationships within Alectoria, individual datasets were constructed for each of the three genes with taxon sampling across the genus and with Gowardia nigricans used as an outgroup following Miadlikowska et al. (2014) , Myllys et al. (2014), and Halonen et al. (2009) . The datasets were assembled in Mesquite 3.03 (Maddison and Maddison 2015) by downloading the following from GenBank to supplement the newly generated sequences: all ITS, Mcm7, and mtSSU sequences tagged with ''Alectoria'' and ''Gowardia nigricans'' returned from an NCBI Nucleotide search on 07 August 2015. The following two sequences were then pruned from the dataset because BLASTn searches in GenBank showed 100% similarity matches with the genus Bryoria: KF461055, KF461055. The MAFFT online interface (Katoh and Standley 2013) was then used for multiple sequence alignment and final adjustments were made manually in Mesquite. Terminal and ambiguously aligned regions were then excluded by defining them as part of an exclusion set in Mesquite. The datasets were then analyzed individually to search for conflict. As the Alectoria sequences within the mtSSU dataset were nearly identical and showed little phylogenetic structure these data were not included in a D r a f t 7 concatenated muti-gene data matrix. No conflict was recovered between the nuclear datasets (conflict defined following Mason-Gamer and Kellogg 1996), and thus these were then concatenated manually into a two-locus matrix with 48 terminals.
Molecular phylogenetic analyses
The individual datasets were prepared for maximum likelihood ( 
Results
For this study, we conducted analyses to reconstruct evolutionary relationships within Alectoria using data from three genes with a much expanded sampling (both taxonomically and geographically) compared to previous published studies. The results of the maximum likelihood (ML) analyses for each individual dataset are available in the online data archive and not reproduced here. There was no conflict (defined as branches with >70% bootstrap support)
observed between the results of the individual ML analyses of ITS and Mcm7 datasets, as such they were combined into a single two-locus dataset. In the case of the mtSSU dataset, there were only two sequences (both of A. ochroleuca [Hoffm.] A. Massal.) available in GenBank and all of the sequences of Alectoria, including those newly generated, were nearly 100% identical. The ML analyses revealed virtually no phylogenetic structure within Alectoria and thus these data were not included in the larger combined dataset. Poor resolution among closely related species with mtSSU is a common phenomenon in Parmeliaceae (see e.g., Crespo et al. 2010a ) and this marker was included in our study largely to supplement the resources available in GenBank in order to provide more data for higher-level phylogenetic studies within the Parmeliaceae.
The results of our analyses of the combined ITS and Mcm7 dataset are summarized in Figure 1 . In these analyses, Alectoria was recovered as strongly monophyletic (ML/BI: 99/1.0).
One taxon, the recently described A. sarmentosa group were recovered with little divergence and almost no phylogenetic structure, with the exception of three representatives of A. sarmentosa ssp. sarmentosa, the sequences of which were generated from vouchers collected in Canada and Sweden (see Table 1 ). Halonen et al. 2009 ) that have recovered similar results using a more limited sampling both taxonomically and geographically. However, our molecular analysis sheds considerable new light on this distinctive group of macrolichens and suggests substantial avenues for further search.
We found a clade within Alectoria that contained several taxa previously considered to be linked by morphological or chemical intermediates (Brodo and Hawksworth 1977; Hawksworth 1972; Myllys et al. 2014 ). This clade, the Alectoria sarmentosa group, includes a corticolous isidiate taxon (A. imshaugii, Fig. 2A ), a corticolous sorediate taxon (A. sarmentosa var.
sorediosa, Fig. 2C ), a terricolous taxon with flatten and wide branches (2 mm to 4 cm) (A.
sarmentosa ssp. vexillifera, Fig. 2E ), and two corticolous taxa with narrow branches that lack vegetative propagules but differ in the chemical characters and internal thallus anatomy (olivetoric acid and a dense medulla in A. vancouverensis, Fig. 2D ; or miscellaneous substances other than olivetoric acid with a loose medulla in A. sarmentosa ssp. sarmentosa, Fig. 2B ).
Among these taxa, only A. imshaugii is currently considered to be narrowly endemic, occurring only in a small region of the Pacific Northwest of North America, which was illustrated by Brodo and Hawksworth (1977) . Alectoria vancouverensis was considered to be endemic to the Pacific Northwest of North America (Brodo and Hawksworth 1977) , but Halonen et al. (2009) subsequently reported a single population in Europe. The other members of this group are widespread and in some cases sympatric (Brodo and Hawksworth 1977) . For instance, A.
sarmentosa ssp. vexillifera is restricted to arctic-alpine habitats in northern North America (including Greenland) and Europe, but appears to be largely allopatric with A. sarmentosa ssp.
sarmentosa, which occurs primarily in oceanic and montane regions of the northern and southern hemispheres (Brodo and Hawksworth 1973; Dahl 1950; Hawksworth 1972) . In the few regions where both A. sarmentosa ssp. sarmentosa and A. sarmentosa ssp. vexillifera occur, we have consistently found them to be ecologically separated, with the former taxon occurring in humid forested habitats on tree branches and the latter in drier exposed tundra habitats directly on the D r a f t ground (Lendemer and McMullin pers. observ.) . An additional species that may belong to the A. sarmentosa group is A. lata (Taylor) Linds.; however, DNA was not successfully amplified from this species for our study.
Despite the differences between the members of the Alectoria sarmentosa group outlined above, the resolution of the taxonomy within the group is complicated by the existence of a small number of intermediates (discussed in detail by Brodo and Hawksworth 1977) and by the lack of resolution recovered in our phylogenetic analyses. The difficulty in resolving the taxonomy of this group is not new, and many of the taxa have been treated at multiple ranks or subsumed into synonymy. This is well illustrated by A. sarmentosa ssp. vexillifera, which has been treated as a form (Motyka 1964 ), a variety (James 1965 ), a subspecies (Hawksworth 1973; Brodo and Hawksworth 1977) , and a species (Krog 1968) all within a period of less than fifteen years. Considering the lack of resolution within the Alectoria sarmentosa group recovered herein, and in light of the differences outlined above which have previously led to the recognition of these entities as distinct taxa, we assert that further study with detailed populationlevel sampling is warranted before taking the radical step of placing these taxa in synonymy.
Indeed, if the members of the A. sarmentosa group were treated as a single morphologically variable species, that species would encompass more morphological variation than any other lichen species currently circumscribed (i.e., covering a wide range of ecologies, growth forms, chemistries, and reproductive modes). Indeed, it is possible that, as has been suspected in the past (Brodo and Hawksworth 1977) , the A. sarmentosa group is affected by phenomena such as hybridization. Similarly, it is possible the high concentration of the morphological and chemical variation in western North America reflects a recent rapid radiation as has been documented in vascular plants (Abbott et al. 2000; Brochmann and Brysting 2008; Brochmann et al. 2004; DeChaine et al. 2013 DeChaine et al. , 2014 . As is the case in other regions such as the southern Appalachians of eastern North America (Wen 1999) , albeit on a much younger scale, the Pacific Northwest has had a dynamic environmental and geological history characterized by periods of isolated refugia followed by rapid expansion of available habitat (Beatty and 
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An updated key to the species of Alectoria in North America is provided that reflects the changes resulting from our study. 
Key to the species of
